FePt nanoclusters have been implanted onto polyimide films and subjected to thermal annealing in order to obtain a special magnetic phase (L1 0 ) dispersed within the polymer. SQUID measurements quantified the magnetic features of the as-prepared and annealed hybrid films. As-implanted FePt nanoparticles in polyimide films exhibited a blocking temperature of 70 ± 5 K. Thermal annealing in zero and 10 kOe applied magnetic field increased the magnetic anisotropy and coercivity of the samples. Wide Angle X-Ray Scattering confirmed the presence of FePt and L1 0 phase. All samples (as deposited and annealed) exhibited electron spin resonance spectra consisting of two overlapping lines. The broad line was a ferromagnetic resonance originating from FePt nanoparticles. Its angular dependence indicated the magnetic anisotropy of FePt nanoparticles. SEM micrographs suggest a negligible coalescence of FePt nanoparticles, supporting that the enhancement of the magnetic properties is a consequence of the improvement of the L1 0 structure. The narrow ESR line was assigned to nonmagnetic (paramagnetic) impurities within the samples consistent with graphite-like structures generated by the local degradation of the polymer during implantation and annealing. Raman spectroscopy confirmed the formation of graphitic structures in annealed KHN and in KHN-FePt. 
Introduction
Synthesis of magnetic (metal) clusters at submicron scale by gas aggregation is based on target atoms evaporating/sputtering into a cooled inert gas flow at relatively high pressure [1] . Collisions cascade between metallic atoms and carrier gas results in the nucleation of supersaturated metal vapors into clusters. This method produces high purity clusters with diameters below 10 nm and deposition rates of the order of 1Å/s [1, 2] . FePt clusters with an average diameter of about 5 nm and a narrow distribution of diameters (characterized by a ratio between the standard deviation of FePt diameters, , and the diameter of the cluster, equal to or less than 0.1 [2] ) have been obtained by the system built at the University of Nebraska, Lincoln.
The lattice symmetry of FePt is face cubic centered (fcc). The L1 0 phase has an "ordered" slightly distorted fcc structure (actually is a face centered tetrahedral lattice), as beyond the lattice ordered structure, the base atoms (Fe and Pt) are orderly distributed (actually one atom occupies two opposite faces of the crystalline lattice and the other atoms occupy the remaining sites) [3] . Hence, L1 0 has two degrees of symmetry, a lattice symmetry, identified as face centered tetrahedral (fct) lattice, and a base atom (distribution) symmetry consisting of alternating planes of Fe and Pt atoms along the axis [4] . The deviation of the L1 0 phase from the fcc structure is very small with the " " ranging between 3.85 and 3.87 A and " " ranging between 3.71 and 3.73 A (depending on synthesis path and annealing temperature [4] ), where a perfect fcc structure implies = . The degree of "atom base order" in FePt is quantified by the ordering parameter [5] :
where is a constant (equal to about 0.49 according to [6] and to 0.85 according to [7] ), 001 is the amplitude of the 001 reflection observed at about 21.8 ∘ , and 002 is the amplitude of 2 Journal of Nanomaterials the 002 reflection noticed at about 47.9 ∘ . A perfect L1 0 phase corresponds to = 1. The formation of the L1 0 phase in FePt:C systems is affected by the carbon content, showing a maximum ordering parameter for about 15% vol carbon [8] . Upon annealing, the diffraction line located at about 49 ∘ is narrowed and eventually the splitting between the (220) and (202) reflections becomes visible. The out of plane coercivity was reported to be maximum for 15% vol. carbon in FePt granular systems, reflecting the strong connection between the structure of the FePt nanoparticles and their magnetic features [8] . For FePt nanoparticles obtained by chemical reduction, very good L1 0 phases have been obtained after thermal annealing at temperatures higher than 650 ∘ C (with a maximum of coercivity and grain size at 750 ∘ C and additional contributions originating from the annealing time) [7] . Recent studies indicated that the order parameter is decreasing as the heating rate is increased [9] , reaching a saturation value at high cooling rates.
This unusual double order (lattice and atom base) of the L1 0 phase is responsible for its outstanding magnetic properties making L1 0 phase one of the most promising candidates for future ultrahigh density perpendicular magnetic media due to its high magnetocrystalline anisotropy (6.6 Merg/cm 3 ), which is capable of suppressing thermal agitation in spins at the nanometer scale [10] [11] [12] [13] . In the case of FePt nanoparticles obtained by chemical reduction, the assynthesized samples have been reported to show superparamagnetic features at room temperature [4] . The coercivity of these FePt nanoparticles increases as the annealing temperature is increased reaching a maximum of about 22.7 kOe, for an annealing temperature of 800 ∘ C [4] . The coercivity of FePt:C has a strong dependence on the carbon content and on the orientation of the sample. The angular dependence of the coercivity was found to exhibit a maximum for films oriented at about 60 to 75 ∘ (with respect to the normal to the film) [8] . The coercivity at these angles is larger than the coercivity in the parallel or perpendicular configurations. Nevertheless, the maximum value of coercivity decreases as the C concentration increases, consistent with a gradual transition from a domain wall motion to a rotation mode motion [8] . The coercivity of the FePt:C was reported to be larger for the normal configuration (film perpendicular to the magnetic field) than for the parallel one [8] .
The magnetization at saturation of FePt nanoparticles obtained by chemical reduction was reported to increase up to about 1100 emu/cm 3 for an annealing temperature of about 600 ∘ C. Higher annealing temperatures resulted in a decrease of the magnetization at saturation [4] . However, no significant deviations of the magnetization squareness of the hysteresis loop were reported for FePt:C films with less than 20% (vol) carbon (as-deposited or thermally annealed at low temperatures, below 350 ∘ C) [8] . The raise of the thermal annealing temperature (up to 350 ∘ C) increased the coercivity of the FePt:C samples, with the out of the plane coercivity larger than the in plane coercivity [8] . The hysteresis loops recorded in the perpendicular configuration have smaller coercive fields and magnetization at saturation than the same hysteresis loops recorded in the parallel configuration.
Actually, for the perpendicular configuration, the hysteresis loops are not saturated even in magnetic fields of about 10,000 Oe [14] .
Flexible high density recording media may be obtained by dispersing such nanoparticles within polymeric matrices [11] via implantation or chemical synthesis. Magnetically decoupling the nanoparticles by segregation in a nonmagnetic matrix reduces media noise and allows for higher areal recording densities. Particular effort has been concentrated on the investigations of FePt nanoparticles dispersed within C (so called FePt:C system [12] ). The magnetic properties of the analogous system represented by CoPt nanoparticles dispersed within polymethyl methacrylate have been reported [15] , while only few articles have been published on the L1 0 phase of FePt nanoparticles in polymeric materials (search engine Web of Knowledge). Among these reports, there is a study on the synthesis of polymethyl methacrylate, FePt nanocomposites, which demonstrated magnetic properties at very low temperatures without any structural analysis (and hence no detail about the L1 0 phase) [16] . An inciting study on the three-dimensional organization of FePt within polymer composites obtained by chemical synthesis was reported in [17, 18] . However, the authors did not focus on the crystalline structure of FePt and did not investigate the L1 0 phase presence and characteristics. The encapsulation of FePt nanoparticles within nanofibers of poly( caprolactone) and the superparamagnetic nature of the hysteresis loop at room temperature have been reported, without any detail about the nature of the crystalline phase [19] [20] [21] . The orientation of FePt nanoparticles under the effect of an external magnetic field during the polymerization has been recently reported [22] . The study investigated by Mossbauer spectroscopy the L1 0 phase and the orientation of nanoparticles. The authors did not find any study on implanted FePt nanoparticles or clusters into polymeric matrices.
Materials and Methods
FePt nanoclusters were obtained by gas aggregation technique [1, 2] . Nanocomposites of FePt in polyimide (labelled as KHN-FePt) have been obtained by implanting nanoclusters of FePt within free standing polyimide (Kapton HN; DuPont) films, with a thickness of about 0.0254 millimeters.
The polymeric substrate, polyimide Kapton HN (KHN), is a semicrystalline polymer, which decomposes in air at about 525 ∘ C (before melting). The thermal annealing of KHN-FePt has been performed at various temperatures below the decomposition temperature of KHN. The last step of the annealing process was a fast cooling that prevented the eventual crystallization of KHN. Hence, the WAXS lines of the polymeric matrix are expected to be broad and weak. Even more, upon implantation with FePt nanoparticles, the degree of crystallinity of the polymeric matrix is expected to decrease, in agreement with experimental data on ion bombardment effects on this polymer [23] .
To enhance the quality of the L1 0 phase, the as-obtained films were annealed by rapid thermal annealing (RTA, at a heating rate of 100 ∘ C/s in inert atmosphere) or Journal of Nanomaterials within a Vibrating Sample Magnetometer (VSM) at various temperatures ranging between 400 ∘ C and 500 ∘ C. In order to improve the orientation of magnetic nanoclusters, some of the samples have been annealed in external magnetic field (by using the VSM) of 10 kOe for one hour. The annealing has been done in two configurations, the parallel one (‖) with the external magnetic field along the plane of the film, and the perpendicular one (⊥), with the external magnetic field perpendicular to the plane of the film.
The magnetic features (magnetization, hysteresis loops, and magnetic anisotropy) of the as-deposited and annealed films have been acquired by SQUID magnetometry and ferromagnetic resonance (FMR), in different configurations. Magnetic properties of KHN-FePt at various temperatures in the range 10 K-700 K have been obtained and analyzed. The structure of Fe-Pt nanoparticles dispersed in polyimide was confirmed by Wide Angle X-Ray Scattering (WAXS). Additional Raman spectroscopy measurements were performed by using a Bruker Senterra confocal Raman microscope. Scanning Electron Microscopy photos of the nanoclusters within the polymer have been obtained by a FEI NOVA NANO SEM 450.
Results and Discussion
The SEM photographs of polyimide bombarded with FePt nanoclusters and annealed at 400 ∘ C are shown in Figure 1 (a). The photos show that the coalescence of the FePt nanoparticles is negligible and suggest that the FePt nanoparticles are eventually embedded within a layer which resulted from the local modification of the polymeric matrix. ESR and Raman spectroscopy provided further details about the interface between KHN and FePt nanoclusters. WAXS spectra of the as-deposited KHN-FePt sample (see Figures 1(b) and 1(c) ) show the lines assigned to (001), (110), (020), and (002) reflections in FePt [3, 8, 24, 25] . For FePt nanoparticles obtained by chemical reductions the lines assigned to (001) and (110) reflections have been reported as absent [4] , while in the case of FePt nanoclusters these lines are well resolved. WAXS spectra of FePt nanoparticles synthesized through the reduction of iron acetylacetonate and platinum acetylacetonate by 1,2-hexadecanediol in dioctyl ether [26] revealed a very broad line located at about 49 ∘ , which dominates the spectrum of FePt. As seen from Figure 1 assigned to KHN [23] ; the 25.9 ∘ reflection corresponds to the strongest line reported in KHN [23] .
The inspection of Figures 1(b) and 1(c) indicates (001) reflection and a broad and weak (002) reflection, showing that the as-deposited nanoclusters have an important fraction of L1 0 phase. The annealing at 410 ∘ C for 10 minutes does not change significantly the WAXS spectrum. Figure 1(c) includes the spectra of the as-deposited KHN-FePt film and of KHN-FePt annealed at 460 ∘ C in external magnetic fields of 10,000 Oe oriented parallel and, respectively, perpendicular to the direction of KHN-FePt film. It is noticed that WAXS cannot reveal major modifications upon thermal annealing.
The as-deposited FePt nanoclusters within polyimide have superparamagnetic features, as can be inferred from Figure 2(a) , which depicts the temperature dependence of the magnetization for the so-called field cooled (FC) and zero field cooled (ZFC) branches. For the not annealed sample, the temperature dependence of the magnetization of FC and ZFC branches is consistent with a blocking temperature, of about 70 ± 5 K. The FC magnetization has been recorded in an applied magnetic field of 200 Oe. For magnetic nanoparticles, the blocking temperature depends on the size of the nanoparticles via their volume according to the following equation [11, 27, 28] :
where 1 is the axial magnetic anisotropy, is Boltzmann constant, 0 is a time characteristic to the material, and Journal of Nanomaterials 5 is the time scale of the experiment, about 100 s for SQUID measurements. Consequently, for this experiment, ln( / 0 ) is about 25. Previous microscopy data indicated that the size of FePt nanoclusters is about 5 nm [29] . This implies uniaxial magnetocrystalline anisotropies of the order of (3.7± 0.3) Merg/cm 3 . Figure 2(b) shows the hysteresis loop at room temperature of the as-obtained KHN film loaded with FePt nanoclusters for the parallel and perpendicular configurations. It is noticed that the coercivity of this magnetic nanomaterial at room temperature is small but not zero. Actually, the coercivities for the parallel and perpendicular configurations are almost identical suggesting a random distribution of anisotropy fields although the remnant magnetization is larger for the perpendicular configuration.
The temperature dependence of the coercivity, CR , for the sample annealed in the VSM (magnetic field perpendicular to the plane of the sample) shown in Figure 2 (c), is well described by Sharrock equation [30, 31] :
where CR is the remnant coercive field, is either 1/2 (for the case of particles aligned along the direction of magnetic field subjected to coherent rotations of magnetization during the nucleation [32] ) or smaller (another frequently used value is = 2/3 [31] ) and it is related to the orientation of the anisotropy axis. 0 represents the intrinsic remnant coercivity [33] . The fit shown in Figure 2 (c) was obtained assuming that = 2/3.
In order to enhance the coercivity of this sample and to move the blocking temperature towards higher temperature, two annealing techniques have been used. The first annealing procedure was performed in a rapid thermal annealing system (RTA), with temperature ramp rate of 100 ∘ C/s, up to 450 ∘ C, an isothermal annealing for 10 minutes at this temperature followed by a rapid cooling. This annealing has been performed with no external magnetic field. The fast heating and cooling of the KHN-FePt sample did not allow the recrystallization of the polymeric film. Figure 3 collects the hysteresis loops of KHN-FePt samples annealed under these conditions. The in plane and out of plane hysteresis loops have been recorded at two temperatures, room temperature and 10 K. It is noticed that the annealing at 450 ∘ C increased significantly the coercivity at room temperature up to 1700 Oe in the perpendicular configuration, at room temperature. Hence, KHN-FePt samples annealed at 450 ∘ C or more exhibit a ferromagnetic behavior with a large coercive field. As expected, the decrease of the temperature results in a substantial enhancement of the coercivity. Figure 3 and Table 1 suggest an in plane easyaxis texture probably via the preferential alignment of the easy axis of magnetization (shape anisotropy is almost zero as these magnetic nanoparticles are almost spherical). This may explain why the coercivity of annealed samples is not the same for the parallel and perpendicular configurations. Experimental data indicates that the magnetic coercivity is larger in the parallel configuration (external magnetic field parallel to the plane of the film) than in the perpendicular configuration, in contrast with most magnetic studies on FePt nanoparticles [8] . Nevertheless, it is important to notice that, in FePt films, the highest coercivity does not occur neither in the parallel nor in the perpendicular configuration [8] . This suggests that the rotation mode of the magnetization relaxation is somehow hindered by the polymeric matrix and the dominating magnetic relaxation is now controlled by wall motion [8] .
Tentatively, a thermal annealing has been performed in the VSM with applied external magnetic field. The thermal annealing was done at 460 ∘ C for 60 minutes in two configurations: one with the external magnetic field perpendicular to the plane of the KHN-FePt film (perpendicular annealing configuration, see Figure 4 (a)) and the other with the external magnetic field within the plane of the film (parallel annealing configuration, see Figure 4 (b)). Figure 4 collects the hysteresis loops for the films annealed within the VSM in both configurations at 10 K and 300 K. From Figure 4 it is noticed that the coercive field for the out of plane orientation of the SQUID magnetic field relative to the plane of the sample is narrower than the in plane coercive field (see Table 1 ). This demonstrates an overall magnetic anisotropy of KHN-FePt nanocomposite films, originating from preferential distributions of FePt crystallites that control via magnetocrystalline anisotropy the coercivity of these samples. As expected, the coercivity is significantly increased as the temperature is decreased to 10 K.
The electron spin resonance (ESR) spectrum of FePt nanoclusters deposited onto Kapton, shown in Figures 5(a) and 5(b), is a convolution of two lines: a faint and narrow line due to the local degradation of the polymer matrix and assigned to graphite-like structures (describing the so-called electron paramagnetic mode of the ESR spectrometer) and a strong and broad line that exhibits angular dependence assigned to electronic spins coupled by magnetic interactions (reflecting the ferromagnetic resonance mode of the ESR spectrometer). The narrow line was observed in all samples bombarded by FePt (both annealed and not annealed) while pristine polyimide showed no ESR signal. Analogous spectra were reported in ion-beam-irradiated polymers (including polyimide), where they were assigned to graphite-like structures created by localized heating of the polymer during ion bombardment [34] .
The shift of the of the ferromagnetic resonance (FMR) line position from the characteristic value corresponding to = 2.00 (see Figure 5 (b)) reflects the effect of an additional average local field acting on the electronic spins. The angular dependence of the FMR signal observed for all samples (shown in Figure 5 
where eff = − /(4 ), ℏ is Planck's constant, is the gyromagnetic factor (about 2.0036), is the Bohr magneton, and eff is the effective magnetization, is the magnetization at saturation, and 1 represents the effective perpendicular anisotropy field [35] . The effective anisotropy magnetization and field can be estimated from the position of the resonance fields in the parallel and perpendicular configurations [35] :
From Figure 5 (b) it is determined that Para = 2850 ± 5 Oe, and Perp = 4980 ± 5 Oe resulting in an effective anisotropy field, eff , of about 6300 ± 5 Oe for the not annealed sample, at room temperature. This result agrees to the observed anisotropic hysteresis loops. Actually, both the position and width of the ferromagnetic resonance line of both annealed and not annealed samples were dependent on the orientation of the sample with respect to the static external field of the ESR spectrometer.
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Raman spectroscopy (see Figure 5 (c)) supports the formation of graphitic structures in bombarded and thermal annealed KHN. The broad lines observed at 1800 and 2750 cm −1 and assigned to the G and, respectively, G modes are supporting the formation of graphitic structures [36] . However, the Raman spectra of KHN bombarded by FePt and/or annealed are controlled by broad components due to strong luminescence contributions derived from the presence of carbonaceous structures [36] .
Conclusions
This report focuses on a research of FePt nanoclusters implanted within a flexible polymeric film. Due to the local energy deposited within the polymeric target during the implantation, a local carbonization process occurring within the polymeric substrate is expected. The actual shape of FePt nanoclusters may include a weak distortion from a spherical towards an ellipsoidal shape with the long axis normal to the surface of the substrate. This may contribute to the magnetic anisotropy of the as-deposited samples. The local degradation of bombarded polymeric films has been reported in ion beam irradiated polymers [34] including polyimide [37, 38] . Consequently, the system consisting of FePt clusters implanted within KHN should have features analogous to the FePt:C system (where the FePt clusters are expected to be coated by a very this carbon layer, generated by the destruction of the macromolecular chain [37] ).
FePt nanoclusters with an average diameter of 5 nm have been implanted within Kapton. The implantation resulted in nanoclusters of FePt coated with a graphite-like material due to the heat released during the stopping of clusters within the polymeric film. However, as the implantation process occurs at temperatures significantly below the melting temperature of FePt or the decomposition temperature of KHN, isolated quasispherical FePt nanoparticles are expected within the polymeric substrate. This is in agreement with the observed SEM micrographs (on annealed samples). The annealing temperatures were selected below the melting/decomposition temperature of the polymer and of FePt (at all annealing temperature both the polymer and the nanoparticles were solid). Consequently, no coalescence/agglomeration process was noticed. Even more, the width of the WAXS line was not affected by annealing suggesting that the size of FePt crystallites did not change significantly during the annealing step. The as-obtained system mimicked a dilute FePt:C [12] system dispersed within an elastic polymeric matrix. However, during the implantation of FePt clusters the surface of the polyimide film was wrinkled. This might be avoided by increasing the temperature of the polyimide film during the bombardment with FePt clusters. The temperature dependence of the magnetic properties of annealed and pristine polyimide-FePt films in the temperature range 10 K to 750 K has been investigated. The blocking temperature for the not annealed film was estimated to about 70 K and shifted above room temperature after thermal annealing, because of the ordering of FePt and of a large increase in anisotropy constant. Based on WAXS data it was concluded that the pristine KHN-FePt system contained crystalline FePt, with a low content of L1 0 phase. Thermal annealing confirmed the enhancement of the L1 0 phase but the stability of the polymeric substrates prevented high temperature annealing (above 550 ∘ C). This study has demonstrated the possibility to produce flexible magnetic films by bombarding free standing polymeric films with FePt nanoclusters and obtaining the L1 0 phase by thermal annealing. It also revealed film degradation generated by the local heating of the polymeric matrix. The thermal annealing in external magnetic fields further improved the orientation of FePt nanoclusters within the polymeric film.
